INTRODUCTION

Proteasomes present in Mycobacterium tuberculosis
and other actinobacteria recruit their substrates by a pathway functionally similar but chemically distinct from eukaryotic ubiquitination (1) (2) (3) . The small protein Pup (prokaryotic ubiquitinlike protein) is attached to substrate lysine residues by the enzyme PafA (3) . In this reaction, Pup's Cterminal glutamate is activated by phosphorylation of the -carboxyl group (4) (5) . Nucleophilic attack by the -amino group of the substrate lysine then results in isopeptide bond formation between Pup and the substrate. In mycobacteria, Pup is encoded with a Cterminal glutamine residue that must first be converted to a glutamate by the enzyme Dop (deamidase of Pup), making pupylation in these organisms a two-step pathway with the sequential action of the deamidase Dop and the Pup ligase PafA (3, 6) . In addition to its deamidation activity, Dop has been shown to catalyze the removal of Pup from Pup-modified lysine residues acting as a "depupylase of Pup-protein conjugates" (7) (8) . Hence, pupylation, like ubiquitination in eukaryotes, is a reversible process suited to serve regulatory functions in the cell in addition to targeting substrates to the proteasome.
Analysis of the mycobacterial proteome for pupylated substrates under standard in vitro culture conditions by three different groups revealed roughly 750 pupylation target proteins out of which about 100 have been confirmed by identification of the modified lysine(s) (9) (10) (11) . Potential and confirmed pupylation targets fall into a large variety of functional categories. Interestingly, enzymes involved in the Pupproteasome system are themselves also proposed (proteasomal core subunits  and , Dop, PafA) or confirmed (mycobacterial proteasomal ATPase Mpa) targets of pupylation, suggesting an element of autoregulation in this system. Mpa has previously been shown to accumulate in a Pup ligase knockout strain, indicating that pupylation of Mpa leads to its degradation (12) .
The proteasomal ATPase Mpa belongs to the AAA protein family and forms hexameric rings with a central pore (13) (14) , which can interact with the 20S core particle (15) . The Mpa ring recruits pupylated substrates to the proteasome by binding Pup to its N-terminal coiled-coil domains located on the ring face distal to the proteasome core particle (16) (17) . Substrates are then translocated through the Mpa pore into the core particle, where they are degraded (18) . The unstructured N-terminal end of Pup, which is not itself involved in binding to the coiled-coil domains (16) , serves as the site of translocation initiation, allowing the pupylated substrate to be threaded through the Mpa ring (18) (19) . It has been shown that Mpa can also enhance the depupylation activity of Dop towards pupylated proteins (7) (8) , suggesting that the unfoldase activity of Mpa might improve accessibility of the modification site for Dop.
Here we investigate the effect of pupylation on the function of the proteasomal ATPase Mpa. Using the reconstituted pupylation system of Mtb, we show that pupylation of Mpa occurs predominantly on one target lysine. Pupylation at this position prevents interaction of Mpa-Pup with the proteasome core. Ultimately, pupylation leads to deoligomerization of the Mpa-hexamer driven by the unfolding activity of Mpa, thereby rendering Mpa-Pup fully inactive. We further demonstrate that pupylation is a reversible process and that depupylated Mpa regains its enzymatic activities.
EXPERIMENTAL PROCEDURES
Cloning and protein purification -Untagged Mpa was previously cloned into pET20 (Novagen) via NdeI and BamHI restriction sites to generate the pET20-mpa overexpressing plasmid (18) . The plasmid coding for the pupylation site variant Mpa K591A was generated from pET20-mpa by sitedirected mutagenesis.
Dop-His 6 , PafA-His 6 , PupE (a Pup Q64E variant) (3) as well as Mpa, PanB-Strep, Pup-GFP, open gate proteasome (18) (all from Mtb) and GroEL-trap (GroEL D87K) (20) were expressed and purified as described. PupL39SL40S (17) was derived from PupE by site-directed-mutagenesis and expressed and purified accordingly. It is referred to as Pup39S40S.
All protein concentrations were determined spectrometrically via their absorbance at 280 nm. Mpa concentrations are provided in terms of hexamer regardless of the true assembly state. The concentration of open-gate proteasome refers to the assembled 28-mer, and PanB concentrations refer to concentration of the protomer.
Mpa pupylation and depupylation -In vitro conjugation of PupE (12 µM) to Mpa (1 µM), MpaK591A (1 µM) or PanB-Strep (6 µM) with PafA-His 6 (1 µM) was carried out at 23 °C in buffer R (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 20 mM MgCl 2 , 10 % glycerol, 1 mM DTT) supplemented with 5.5 mM ATP, 100 mM phosphocreatine (Sigma) and 2.1 U/ml creatine phosphokinase. The reaction was started by addition of PafA and was complete after 10 h. PafA was then removed by Ni 2+ -affinity chromatography and the flow-through was concentrated by ultrafiltration (Amicon spin column, 30000 MWCO). The pupylated Mpa was further purified by size-exclusion chromatography (Superose 6), the pupylated PanB by multiple rounds of ultrafiltration (18) and both were stored in buffer S (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 10 % glycerol, 1 mM EDTA and 1 mM DTT).
Preparative pupylation with Pup39S40S (18 µM) was carried out under the same conditions except that PafA-His 6 concentration was increased (5.25 µM) to obtain a fully pupylated sample. Interaction of mock pupylated Mpa or Mpa-Pup39S40S with Δ7CP (open gate proteasomal core particle) (18) (all 0.6 µM) was analyzed by size exclusion chromatography on a Superose 6 column (GE Healthcare, 24 ml column volume). The column was equilibrated at 4 °C in buffer R. Sample volume was 100 µl and had been complemented with 5 mM ATP. Flow was set to 0.5 ml/min.
Electron microscopy -Negative stain electron microscopy images were recorded to assess the assembly state of native or pupylated Mpa complexes. Specimens for electron microscopy were prepared by applying 20 µl aliquots of 60 nM of Mpa or pupylated Mpa in 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 20 mM MgCl 2 , 10 % (v/v) glycerol and 5 mM ATP on freshly hydrophilized carbon-coated 300 mesh copper grids (Quantifoil) for 30 s. Specimens were washed three times with water, stained with 1 % (w/v) uranyl acetate and were then imaged in a FEI Morgagni 268 transmission electron microscope operating at 100 kV with a magnification of 32000 or 24000 fold.
Radioactive ATPase assay -The ATPase activity of Mpa was determined using a radiometric assay (21). Mock pupylated Mpa, Mpa K591A, Mpa-Pup, Mpa-Pup39S40S (all 12.4 nM) or Mpa depup (7.0 nM), respectively, were incubated in buffer R at 23 °C with 1.5 mM ATP spiked with [γ-32 P]ATP (8.88 MBq (240 µCi)/mmol) (Hartmann Analytic, specific activity: 185TBq (5000 Ci)/mmol). Enzymatic activities were monitored over the course of one hour by drawing samples at 10 min intervals. All samples were processed as described in (21) and the amount of liberated γ-32 Pi was determined by measuring Cerenkov radiation in a liquid scintillation counter (Packard Tri_carb 1500). All series were background subtracted by a blank measurement and scaled relative to the total amount of radioactivity in the ATP stock.
Each measurement series (time course) was performed at least three times and the mean hydrolyzed ATP concentration for each time point was calculated. The data points were scaled to a protein concentration of 10 nM to enhance visual comparability. A linear fit was applied to the data and the ATP hydrolysis rate calculated from the slope. The k cat (per hexamer) was calculated dividing the ATP hydrolysis rate by the Mpa concentration.
Pup-GFP unfolding assay -Pup-GFP unfolding was monitored as described previously (18) . Briefly, Pup-GFP (1 µM) was incubated at 23 °C with GroEL-trap (3 µM) and mock pupylated Mpa, Mpa K591A, Mpa-Pup, Mpa-Pup39S40S or Mpa depup (all 0.2 µM) in buffer R supplemented with 5 mM ATP, 25 mM phosphocreatine and 1 U/ml phosphocreatine kinase. Unfolding was initiated by addition of Mpa, and fluorescence intensity was monitored at 510 nm (excitation at 400 nm) on a fluorescence spectrometer (PTI). Data set was normalized globally. 
Pup-GFP degradation assay
RESULTS
Pup ligase
PafA pupylates Mpa predominantly on a single lysine residueDetermination of the pupylated proteome (pupylome) of both Mycobacterium tuberculosis (Mtb) and Mycobacterium smegmatis (Msm) under standard culture conditions showed that the proteasomal ATPase Mpa can be pupylated in vivo (9) (10) (11) . A pupylation site was identified as lysine residue 591 for the Mtb protein (11). This residue is located near the C-terminus on the face of the Mpa ring that interacts with the proteasomal core particle.
By carrying out in vitro pupylation assays using the recombinantly produced Mtb Pup ligase PafA, we assessed the pupylation efficiency and site specificity for Mpa as pupylation substrate. Recombinantly produced Mpa was incubated with the Pup ligase PafA and PupE (a PupQ64E variant) in presence of ATP and samples were drawn at various time intervals to follow the production of Mpa-Pup conjugates by SDS PAGE ( Figure 1A , top gel). Over the time course of ten hours the Mpa band disappears concomitant with the production of one main Mpa-Pup conjugate band ( Figure 1B , black trace), indicating that Mpa is converted predominantly into the monopupylated form. At later time points, when most of the Mpa has been converted, additional faint bands can be detected above the Mpa-Pup band ( Figure 1A , top gel), likely representing trace amounts of Mpa pupylated at more than one lysine. Comparison of the pupylation time course for Mpa as substrate with an experiment using an equivalent concentration of the known pupylation substrate PanB (12) ( Figure 1A and B, second gel and gray trace) establishes that both proteins are pupylated with similar rates. This is in agreement with our previous finding that activation of Pup by phosphorylation is ratelimiting when pupylation substrates are present at saturating concentrations (4) . When the pupylation site variant MpaK591A is used in the pupylation reaction ( Figure 1A , third gel), no significant amount of Mpa-Pup conjugate is formed within the same time frame, indicating that the monopupylated Mpa produced during the reaction with wild-type Mpa is homogeneously modified at lysine residue K591.
Mpa features Pup-binding sites at its Nterminal coiled-coil domains, allowing Mpa-Pup to be recruited to active Mpa pores. To study the effect of Mpa-pupylation also under conditions where "self-recruitment" cannot take place, we modified Mpa with a Pup variant (Pup39S40S) unable to form the shared coiled-coil (17) with Mpa ( Figure 1A , bottom gel). This form of modified Mpa will be used in functional assays alongside Mpa-Pup.
Pupylation of Mpa generates an ATPaseinactive
Mpa-Pup population -Mpa is a member of the AAA protein family and exhibits a basal ATPase activity even in absence of the proteasomal core (13, 18) . We analyzed the production of inorganic phosphate from ATP in presence of unmodified Mpa or the homogeneously monopupylated Mpa-Pup conjugate employing a radiometric ATPase assay ( Figure 2) . The unmodified Mpa sample was subjected to a mock pupylation protocol carried out in absence of PafA and PupE, to allow direct comparison of the two samples. Mpa-Pup no longer exhibits ATPase activity (red trace), while the pupylation site variant MpaK591A that underwent the same protocol retains almost all of the ATPase activity of the unmodified enzyme (black and gray traces, respectively). Surprisingly, Mpa modified with Pup39S40S, which prevents self-recruitment, retains the ATPase activity (orange trace), suggesting that self-recruitment might play a role in inactivation.
Pupylation of Mpa leads to disassembly of the hexameric ring -The inability of Mpa-Pup to hydrolyze ATP could be due to a conformational rearrangement after Pup-ligation. However, it could also point to a more severe impairment of Mpa which prevents the assembly into hexameric rings in turn resulting in complete loss of ATPase activity. We therefore investigated the assembly state of Mpa-Pup using analytical gel filtration and negative stain electron microscopy ( Figure 3) . It has been shown previously that bacterial proteasomal ATPases assemble into hexameric rings with a central pore (13) (14) . Accordingly, the unmodified Mpa elutes as a higher order complex before the 440 kDa size marker ( Figure  3A, light gray profile) . The excessively high apparent molecular weight of roughly 880 kDa is due to the toroidal shape of the Mpa hexamer featuring long coiled-coil domains extending out from the ring surface. The unusually long retention time is a feature often observed with AAA proteins (14, 22) . In comparison, Mpa-Pup elutes much later under identical conditions at an apparent molecular weight of 375 kDa based on the molecular weight standards ( Figure 3A , black profile). The considerable shift in the elution position of Mpa in its pupylated form suggests disassembly of the hexameric ring. To confirm this, we recorded negative stain electron microscopy images of both the pupylated and non-pupylated Mpa sample ( Figure 3B ). The micrographs of wild type Mpa (left image) show uniformly sized ring-or spherically shaped particles that are evenly distributed across the fields. No such particles can be observed for the pupylated sample (middle image), confirming that the hexameric Mpa rings have been disrupted. To test whether self-recruitment is necessary for Pup-driven disassembly, we analyzed the elution behavior of Mpa-Pup39S40S under the same conditions. Mpa-Pup39S40S elutes at a position in agreement with a Pup-modified hexameric complex ( Figure 3A , dark gray trace), indicating that the ability of Mpa-Pup to be recruited and unfolded by the Mpa-ring is required for disassembly and stable formation of a disassembled pool of Mpa-Pup. Negative stain electron microscopic images of Mpa-Pup39S40S confirm that higher oligomers are present ( Figure 3B , right image).
Disassembled Mpa-Pup can no longer unfold substrate proteins -Threading of pupylated substrates through the Mpa pore requires the ATPase-driven up-and down movements of loops pointing into the pore and carrying a conserved aromatic-hydrophobicglycine motif (Ar--Gly), which in case of Mtb Mpa encompasses residues FVG 341-343 (18) . Using a fluorescent model substrate where Pup is fused N-terminally to GFP, we can follow the unfoldase activity of Mpa (18) . No decrease in the fluorescence signal is observed with Mpa-Pup ( Figure 4A , red trace), while MpaK591A or unmodified Mpa readily unfold Pup-GFP within the same time frame (black and gray trace, respectively). This shows that Mpa-Pup has been rendered inactive by post-translational modification with Pup on K591. However, when we use the Pup variant Pup39S40S to modify Mpa, the generated MpaPup39S40S retains its ability to unfold Pup-GFP ( Figure 4A , orange trace). This demonstrates that pupylation of the Mpa hexameric ring in itself does not hinder the unfoldase activity.
Mpa-Pup
cannot support efficient proteasomal degradation of pupylated substrates regardless of its assembly state -Our results so far show that the failure of Mpa-Pup to unfold pupylated substrate proteins is due to pupylationdriven disassembly of the Mpa ring. Since ATPdependent unfolding is required for producing the disassembled, pupylated Mpa species, the question arises whether pupylated, but still assembled MpaPup could still associate with the proteasome core. Furthermore, we cannot exclude that the presence of the proteasomal core particle could lead to reassembly of disassembled Mpa-Pup on top of the proteasomal -rings. To test whether Mpa-Pup or Mpa-Pup39S40S can support proteasomal degradation of pupylated substrates we performed degradation assays using two substrates: the fluorescent model substrate Pup-GFP, featuring a linear fusion of Pup to GFP, and the known proteasomal substrate PanB-Pup, which we generated in vitro using the Pup ligase PafA ( Figure  4B and C). Mpa produces a rapid fluorescence decrease, when added to Pup-GFP in presence of open-gate proteasome (7CP) and ATP ( Figure 4B , dark gray trace), while Mpa-Pup is unfolding-inactive (red trace). The hexameric Mpa-Pup30S40S exhibits a very slow decrease in GFP fluorescence ( Figure 4B , orange trace), indicating that the degradation rate has decreased by at least an order of magnitude. The initial fast drop of GFP fluorescence is independent of degradation, but stems from Mpa-mediated Pup-GFP unfolding and spontaneous refolding of released, non-native Pup-GFP in absence of trap (18) .
Similarly, Mpa mediates 7CP-dependent degradation of the proteasomal substrate PanBPup ( Figure 4C , top gel), while no degradation activity can be detected in presence of the Pupmodified form of Mpa ( Figure 4C , third gel), indicating that the assembly defect of Mpa-Pup persists also in presence of the proteasome core. Mpa-Pup39S40S exhibits a strong defect in degradation activity also towards PanB-Pup ( Figure 4C, second gel) . This is in contrast to its barely affected unfoldase activity ( Figure 4A ) and strongly indicates a failure of MpaPup39S40S to interact with the proteasome.
To complement the activity-based experiments with a direct measure of interaction, we examined the migration behaviour of Mpa and Mpa-Pup39S40S in presence of 7CP by size exclusion chromatography ( Figure 5) . A size shift is observed for 7CP with Mpa ( Figure 5A ) while with Mpa-Pup39S40S no such shift is detectable ( Figure 5B ). Considering the size of 7CP (800.4 kDa) and Mpa (404.4 kDA), the small shift ( Figure 5A ) most likely indicates a rapid equilibrium between free Mpa, free 7CP and in the Mpa-7CP complex. The fact that the migration behaviour of free MpaPup39S40S is not changed in presence of 7CP indicates that interaction of the ATPase ring with the core particle is perturbed due to the pupylation.
Mpa pupylation is chemically and functionally reversible -To test if Pupmodification of Mpa is reversible not only chemically, but also functionally, we preparatively generated Mpa-Pup in vitro using PafA and the deamidated form of the modifier, PupE. After ensuring that the purified Mpa-Pup was functionally inactivated with respect to ATPase, unfoldase and degradation activity, the Pup-modification was removed by incubating the sample with the depupylase Dop to produce Mpa depup . The depupylated Mpa regained full ATPase activity (Figure 2A and B, green trace) indicating that Mpa upon depupylation had reassembled into active hexamers. Accordingly, the depupylated Mpa enzyme can unfold the fluorescent model substrate Pup-GFP ( Figure  4A , green trace). The recovered unfolding activity of Mpa depup is able to support the degradation of the natural proteasome substrate PanB-Pup as well as the Pup-GFP model substrate in presence of the proteasome core ( Figure 4B , green trace and Figure 4C bottom gel).
DISCUSSION
Pupylation is a bacterial post-translational modification that can target substrates for degradation by the proteasome (1-3) . Since modification with Pup is reversible (7) (8) , pupylation likely also serves regulatory functions. In this study we show that post-translational modification of a target protein with Pup not only renders it a substrate for proteasomal degradation, but simultaneously modulates its enzymatic activities. This is a demonstration of pupylation as an activity-regulating modification. Interestingly, the pupylation substrate in this case is itself a component of the Pup-proteasome degradation pathway, namely the proteasome-interacting ATPase Mpa. Since recognition of pupylated substrates by the Mpa-proteasome complex involves binding of Pup to the coiled-coil domains on the Mpa ring (16) (17) , the presence of Mpa is strictly required for the proteasomal degradation of pupylated substrates (18) (19) . Alignment of the Mpa amino acid sequences from a large range of actinobacteria shows that Mpa proteins cluster into two groups with respect to the length and sequence of their C-terminal segments ( Figure 6 ). The pupylation site lysine in Mtb (K591) is well conserved in the one cluster but not in the other. It is striking that the cluster where the pupylation site is conserved, also contains the Cterminal GQYL motif. Archaeal and eukaryotic proteasomal ATPases mediate interaction with the core particle by insertion of a similar motif with an aromatic residue at the penultimate position, into pockets on the -rings (23) (24) (25) . Our experiments show that pupylation of Mpa prevents docking of Mpa onto the proteasomal -rings. This allows for a rapid separation of unfoldase from degradation activity. Further shut down via unfolding of MpaPup then leads to a stable pool of disassembled MpaPup. The inactivation could be viewed as a two-step process: Initial pupylation abolishes interaction with the proteasome, free Mpa-Pup rings then lead to deoligomerization of Mpa-Pup into an inactive, but readily reactivatable storage pool. Accordingly, all Mpa sequences with a homologous lysine stem from organisms with proteasomal core subunits encoded in their genome. Pupylation of Mpa could thus be a feedback inhibition of the degradation branch to ensure that in those organisms, where the proteasomal degradation branch exists, it is kept in appropriate balance with any degradation-independent function of Pup-modification. Those Mpa homologues from bacteria without proteasomal subunit genes do not feature the lysine, like for example the ATPase from Corynebacterium glutamicum (Cglu). We tested whether the homologue from that organism might be regulated via a different lysine residue. However, the recombinantly produced Mpa-homologue from Cglu could not be pupylated in vitro and its activity, therefore, appears not to be regulated by the pupylation pathway (Supplemental Figure S1 ). This strongly suggests that pupylation of Mpa is coupled to regulation of Pup-dependent degradation and is not necessary or beneficial when the degradation pathway is absent. The interruption of Mpa/proteasome interaction by pupylation of Mpa strongly supports this notion.
Regulation of large, energy-dependent protease complexes by disassembly of their ATPase components has related examples in the Clp protease system of gram-positive bacteria, for example the ClpCP protease from Bacillus subtilis (26) . Here, control of assembly/disassembly of ClpC is dependent on the presence of so-called adaptor proteins instead of post-translational modification. Only when the adaptor proteins are in complex with ClpC, is the ATPase ring formed that interacts with the protease core. This allows fine-tuning of the degradation activity to the temporal need for this activity at different developmental stages.
Mpa contributes to the survival strategy of Mtb in the host, as it has been shown that it makes the bacteria more resistant to various forms of stress and that the virulence of the mpa knock-out strain is strongly reduced in the mouse infection model (13, 27) . However, the control of Mpa via Pup-modification both concerning its in vivo stability (12) as well as its enzymatic activities as demonstrated here, indicates that under certain conditions, Mpa activity has to be reined in. The pupylation-driven disassembly of Mpa might allow this shut-down to take place very rapidly and even in the presence of a high level of other pupylated proteasomal substrates that compete for degradation by the proteasome. In vivo studies will be needed to elucidate which aspect of the Mtb life style requires Mpa to be tightly controlled. For example, it would be very interesting to investigate the behavior of an Mpa pupylation site mutant Mtb strain in the mouse infection model as well as under other stress conditions.
Investigation of the pupylated proteome in Mtb and Msm (9) (10) (11) suggests that Mpa might not be the only member of the Pup-proteasome system that is controlled by pupylation. Although pupylation sites have not been identified yet, this evidence suggests that some form of feedback mechanism could extend to the entire modification pathway, stressing the importance of a carefully tuned pupylation and Pup-driven degradation system. Alignment of the C-terminal amino acid sequence stretch of Mpa-homologs from a broad selection of Actinomycetales. The pupylation-site lysine identified for Mtb cooccurs with the proteasomal core subunits α and β (termed PrcA and PrcB in Mtb) and is largely missing in those homologs from organisms without proteasomal subunit genes. Mpa-Pup39S40S + Δ7CP
